Dear Editor,
Haploid embryonic stem cells (haESCs) hold great potential for genetic screening and the analysis of recessive phenotypes. Several studies have recently reported the generation of mammalian haESCs through gamete manipulation, and evaluated the benefits of using them for studying functional genomics in different mammals [1] [2] [3] [4] . These haESCs have been shown to give rise to three germ layers by spontaneous differentiation both in embryoid bodies in vitro and in teratomas in vivo. Injection of genetically-modified androgenetic haESCs into oocytes has led to the successful generation of transgenic mice [1, 4] . All these data suggest that haESCs, like diploid ESCs, can acquire pluripotency. However, in previous studies, terminally-differentiated cells derived from mouse haESCs, such as neurons, lost their haploidy due to spontaneous diploidization both in vivo and in vitro [1, 4, 5] , and it still remains undetermined whether neural differentiation can be induced in haploid mouse cells. Here, we demonstrated the differentiation of mouse androgenetic haESCs into haploid neural stem cells (NSCs), then into haploid neurons, and illustrated the dynamics of haploidy status during the neural differentiation of haESCs in vitro.
To study the neural differentiation of mouse haESCs, the previously reported serum-free, floating embryoid body approach was modified [6] . Following this approach, the attached haESCs were gradually induced into suspended neurospheres then neurons in vitro (Fig. 1A) . The Oct4-GFP knock-in haESC line, F9, was used to monitor the decline of pluripotent cells during the neural differentiation process [1] . The F9 cells displayed a normal growth curve with a doubling time of *22 h during passages (Fig. S1A) . To avoid heterogeneity of the haESCs due to spontaneous diploidization, those containing a 1-copy DNA set were enriched by fluorescence-activated cell sorting (FACS), and used to initiate neural differentiation on day 0. On day 8, the neurospheres were dissociated into single cells and haploid cells were again collected by FACS. The expression levels of the NSC marker genes Pax6, Nestin, and Sox1 in haploid cells on day 8 were dramatically higher than those in haploid cells on day 0, while expression of the pluripotency genes Oct4 and Nanog was lower, indicating the generation of haploid NSCs by day 8 (Fig. S1B) . It is well documented that Sox1-positive and Oct4-negative cells are putative NSCs in the mouse [7] [8] [9] . On day 8, approximately half of the haploid cells were Sox1
? /Oct4 -NSCs (Fig. S1C ). As the ploidy in individual cells can be visualized by immunostaining for centromere protein and quantifying centromere foci, the haploidy of ESCs, NSCs, and neurons were directly revealed by co-expression of Oct4 with 1-set centromere protein in ESCs on day 0, coexpression of Nestin with 1-set centromere protein in NSCs on day 8, and co-expression of the neuronal marker Map2
He Xu and Chunmei Yue have contributed equally to this work. with 1-set centromeres in neuronal cells on day 12 (Fig. 1B) , confirming the differentiation of mouse androgenetic haESCs into haploid neurons through a haploid NSC stage, and demonstrating the maintenance of haploidy during the neural differentiation process. We subsequently investigated the neural differentiation potential of mouse haESCs. Immunostaining and singlecell PCR showed that about half of the Sox1-or Pax6-positive haploid cells on day 8 expressed Oct4 (Figs. S1C, S2A). Consistently, the FACS analysis revealed that twothirds of the haploid cells on day 8 were Oct4-GFP ? (Fig. S2B) , implying the persistence of pluripotency during the neural differentiation of haESCs. The neural differentiation was compared among F9, diploid E14 ESCs, and diploid F9 cells, the latter derived from spontaneouslydiploidized F9 haESCs. We found that the expression levels of Oct4 and Nanog on day 8 were higher in F9 than in diploid F9 and E14 cells, while the expression of NSC genes, such as Pax6, was lower (Fig. S2C) ? neurons was much lower in F9 cells than in diploid ESCs, showing the compromised neural differentiation of haESCs (Fig. 1C) . In addition, the Oct4 -haploid cells on day 8 gave rise to more Tuj1
? neurons than day-8 cells with both Oct4
? and Oct4 - (Fig. S2D) , suggesting that the compromised neural differentiation potential of haESCs might be due to the persistence of pluripotency.
We finally addressed the dynamics of haploidy status during the neural differentiation of mouse haESCs. F9 cells in the differentiated and undifferentiated pluripotent states were sorted by FACS, and cells with a genome containing one chromosomal copy (1c), two (2c), and four copies (4c) were isolated (Fig. 1D) . Due to the spontaneous diploidization of haploid cells, we deduced that the 1c-cell population harbored G1-phase haploid cells, the 2c cells harbored G2/M-phase haploid and G1-phase diploidized cells, and 4c cells contained G2/M-phase diploidized cells (Fig. 1D) . Based on the proportions of 2c-and 4c-cells in each phase of diploid F9 cells during neural differentiation by FACS analysis (Fig. S3A ), a mathematical model was formulated and used to calculate the percentage of G2/Mphase haploid cells in the differentiated and undifferentiated states (Fig. S3B) . Then, the dynamics of haploid cell volume during neural differentiation and in the pluripotent state were plotted according to the proportion of total haploid cells. We found that the haploidy loss of haESCs occurred at a rate of 2.9% of cells every two days during the pluripotent state, while the haploidy loss increased to 8.3% during neural differentiation, showing that the haploidy loss or diploidy acquisition occurs much faster during neural differentiation than in the pluripotent state, and the haploidy maintenance of haESCs is easier in the pluripotent state (Fig. 1E) . Fucci technology labels individual G1-phase nuclei red and those in the S/G2/M phases green using anti-phase oscillating protein fluorescent probes [10] . Then cells in G1 express red fluorescence and in S/G2/M green, which can be easily separated and enriched by FACS sorting. In order to directly visualize and determine the percentage of haploid cells in the 2c-cell population, Fucci-haESCs were established by taking advantage of Fucci technology. The G2/M-phase haploid cells in 2c-cells were distinguishable by the color of fluorescence, and their percentage was obtained after FACS analysis (Fig. 1F) . The Fucci-haESCs in G1 and G2/M were each collected and neural differentiation was performed. The dynamics of haploidy status of G1 Fucci-haESCs during neural differentiation was similar to that of F9 cells, while the diploidy acquisition of G2/M Fucci-haESCs was much faster (Fig. 1F) , suggesting that the cell cycle is relevant to the maintenance of haploidy in mouse haESCs during neural differentiation.
In summary, we demonstrated here that mouse androgenetic haESCs retained haploidy during the neural differentiation process, and gave rise to haploid neurons. The neural differentiation potential of the haESCs was compromised due to the persistence of pluripotency. The dynamics of haploidy status of haESCs were investigated, showing that the irreversible haploidy loss of haESCs occurred more quickly during neural differentiation than in the pluripotent state, and the haploidy maintenance of haESCs was easier in the pluripotent state. It is interesting to note that the cell cycle might be involved in the b Fig. 1 Derivation of neurons from mouse haploid ESCs (haESCs).
A maintenance of haploidy in haESCs during neural differentiation. The neural differentiation of haESCs recapitulated the neural development process in vivo, suggesting that mouse haESCs can serve as a useful platform for genetic screening during neural development.
